Photochemical reactions of minerals are underappreciated processes that can make or break chemical bonds. We report the photooxidation of siderite (FeCO 3 ) by UV radiation to produce hydrogen gas and iron oxides via a two-photon reaction. The calculated quantum yield for the reaction suggests photooxidation of siderite would have been a significant source of molecular hydrogen for the first half of Earth's history. Further, experimental results indicate this abiotic, photochemical process may have led to the formation of iron oxides under anoxic conditions. The reaction would have continued through the Archean to at least the early phases of the Great Oxidation Event, and provided a mechanism for oxidizing the atmosphere through the loss of hydrogen to space, while simultaneously providing a key reductant for microbial metabolism. We propose that the photochemistry of Earth-abundant minerals with wide band gaps would have potentially played a critical role in shaping the biogeochemical evolution of early Earth.
Photochemical reactions of minerals are underappreciated processes that can make or break chemical bonds. We report the photooxidation of siderite (FeCO 3 ) by UV radiation to produce hydrogen gas and iron oxides via a two-photon reaction. The calculated quantum yield for the reaction suggests photooxidation of siderite would have been a significant source of molecular hydrogen for the first half of Earth's history. Further, experimental results indicate this abiotic, photochemical process may have led to the formation of iron oxides under anoxic conditions. The reaction would have continued through the Archean to at least the early phases of the Great Oxidation Event, and provided a mechanism for oxidizing the atmosphere through the loss of hydrogen to space, while simultaneously providing a key reductant for microbial metabolism. We propose that the photochemistry of Earth-abundant minerals with wide band gaps would have potentially played a critical role in shaping the biogeochemical evolution of early Earth.
photogeochemistry | Archean iron cycle | astrobiology | banded iron formations I n the early Archean eon, mineral surfaces have been hypothesized to have played a significant role in adsorbing and concentrating biologically relevant molecules and carrying out various chemical reactions as catalysts or reactants (1) (2) (3) (4) . Upon exposure to a flux of photons, minerals may undergo photoinduced electron excitation reactions, driving electron transitions, such as crystal field transitions, valence and conduction band transitions, and molecular orbital transitions as intervalence charge transfer (5) . As a result, the photochemical reactions of minerals potentially can influence chemical reactions of basic elements such as H, C, N, and O. Over geologic time scales, the fluxes of major chemical elements would have cycled through such photochemical reactions, before biological chemistry of life on Earth (6) . We hypothesize that emergent photogeochemical cycles may have played a critical role in shaping the early Earth environment.
In this article we examine the potential photochemical reactions of siderite in the production of molecular hydrogen. Although gaseous hydrogen is virtually nonexistent in the contemporary atmosphere, in the early Archean the gas would have enhanced the greenhouse effect directly (7) and indirectly extended the lifetime of atmospheric methane. Both processes would have helped water to remain liquid on Earth's surface despite significantly lower solar luminosity. Further, the existence of a hydrogen-rich environment would have enabled the spontaneous synthesis of key building blocks of life (1) , and served as an electron donor in the early evolution of microbial metabolism (8) . Despite its importance, the details of the early Archean hydrogen cycle are poorly understood.
Photochemical origins of molecular hydrogen have been proposed previously (9) (10) (11) (12) . The reactions suggested were based on the photooxidation of reduced metal species, such as hydrated Fe(II). Indeed, previous studies have confirmed this type of reaction; however, the ferrous iron species used (10) (11) (12) are unlikely to have been present in the upper ocean in the early Archean (13) because the precipitation of Fe(II) minerals would have been rapid. Instead, the major ferrous species in the early Archean upper ocean with a relatively low sulfide concentration would most likely have been associated with silicates and carbonate minerals such as siderite (FeCO 3 ), depending primarily on the pCO 2 level (14) .
Models of Earth's early atmosphere also suggest the presence of very high concentrations of CO 2 (15) . One consequence of high concentrations of CO 2 in contact with an anoxic, ferruginous ocean would be the spontaneous precipitation of siderite with an experimentally determined solubility product (K sp ) of ∼10 −10 (16). In the absence of oxygen, siderite precipitates through the reaction of ferrous iron with dissolved inorganic carbon (HCO 3 − , CO 3 2-); this reaction would have been thermodynamically highly favorable in the Archean. Indeed, siderite is found in rocks as old as 3.8 Ga, and its abundance suggests it was a prevalent ferrous species during Archean time (17) (18) (19) (20) (21) . Although UV photooxidation of siderite is possible (22) , and may have implications for the early hydrogen cycle, the rates and mechanisms of hydrogen production by this potential geochemical pathway have not been experimentally elucidated.
Here we report a reaction of UV photons with siderite that generates molecular hydrogen and iron oxides under anoxic conditions.
Results
Photochemical Oxidation of Siderite. To examine the potential photochemical reaction of siderite, we synthesized and suspended the mineral in anoxic aqueous phase and irradiated it with broadband light from a Xe source. Over a period of 24 h, the grayish white mineral became brown (Fig. 1) , and upon further irradiation, a black/dark brown product was formed. The product was magnetic ( Fig. 2A ) and X-ray diffraction analysis confirmed it had a spinel structure concordant with either magnetite and/or maghemite (Fig.  2B) . Measurements of the headspace revealed the presence of hydrogen gas. Mass spectroscopy and control experiments confirmed that the production of hydrogen resulted from a photochemical reaction with siderite.
To determine the effective absorption cross-section of the reaction, we isolated the spectral irradiance with bandpass filters. We assumed the effective cross-section of siderite photooxidation, Φ(λ), follows a Gaussian distribution with a function:
where λ max is the wavelength at maximal effective absorption cross-section. The irradiance spectrum from the Xe source through a filter, I(λ), multiplied by Φ(λ) yields an effective absorption spectrum. The integrated area under I(λ)×Φ(λ) is proportional to the rate of hydrogen evolution (Fig. S1) ; hence, λ max and σ can be solved numerically with three bandpass filters. Coarse-grained parameter fitting method was used with a step size of 0.1 for λ max and 1 for variance (σ 2 ), and the least square fit was optimal with λ max = 267 nm and σ 2 = 123. We determined the quantum yield for the reaction as the ratio of the number of hydrogen molecules produced to the number of photons absorbed by the siderite and the relative quantum yield follows the effective absorption cross-section of the reaction (Fig. 3A) . To further elucidate the detailed reaction mechanism, we measured the amount of hydrogen produced under different light intensities. The experimental results (Fig. 3B) fit with a power function (x 2.08 ), revealing the rate of production of H 2 is proportional to the square of light intensity. The linear increase in quantum yield with increasing flux (Fig. 3B , Inset) strongly suggests the photochemical production of hydrogen requires two photons that drive two independent photochemical reactions.
Estimated Quantum Yield of the Photochemical Reaction Under Projected
Archean Solar Flux. In the early Archean, the integrated solar flux was ∼30% lower than present, but the relative contribution from UV radiation was proportionally higher and was not blocked by ozone (15) . To estimate the solar UV flux, we used an estimated value of 0.1 W/m 2 ·nm (23). The UV photon flux from 245 to 290 nm, boundaries defined by the Gaussian curve (Fig. 3A) , can then be calculated by (24):
which can be arranged:
The integrated area under Q(λ) × Φ(λ) yields the total number of effective UV photons per unit time (s) and area (m 2 ):
where λ max is 267 nm and the variance (σ 2 ) is 123. The projected effective UV photon flux is 2.6 × 10 18 quanta/m 2 ·s, or 4.4 μmol quanta/m 2 ·s. Because the photochemical oxidation of siderite is B A a two-photon reaction, the linear increase in quantum yield with increasing flux suggests the effective quantum yield at the Earth's surface to have been ∼1.8 × 10 −4 (Fig. 3B ).
Hydrogen Production Capacity in the Archean "Photic Zone." The attenuation coefficient at 270 nm through a water column is ∼0.5 m −1 (25) . Therefore, the flux at a given depth is reduced by a factor of e -0.5x , where x is depth in meters. Based on the linear dependence of quantum yield to the photon flux density (Fig.  3B ), we can estimate the H 2 production rate from a siderite surface at a given depth. Assuming a near-surface effective UV flux of 4.4 μmol quanta/m 2 ·s, the flux under x meters from the surface is 4.4 × e -0.5x μmol quanta/m 2 ·s. Since the reaction quantum yield is linearly proportional to the flux in μmol quanta/m 2 ·s with a slope of 4 × 10 −5 (Fig. 3B) , the H 2 production rate at [5]
Hence, the estimated maximum hydrogen production capacity in the upper 1% of the Archean ocean was ∼7. ocean, of which half is exposed to the sun at any given time) can produce iron oxides, the estimated maximum iron oxide production capacity is estimated to be ∼10 13 mol/y. However, the actual hydrogen flux from the photooxidation would almost certainly be limited by the amount of reduced iron species.
Global Significance of Hydrogen and Iron Oxide Production from
Photochemical Reaction. The main sources of iron to the Archean ocean were hydrothermal vents and subaerial volcanoes. Given a flux of water through hydrothermal systems of 3 × 10 13 kg/y in the contemporary ocean (26) , and provided the hydrothermal flux was ∼3 times higher in the Archean (27) , the Archean hydrothermal water flux is estimated to be ∼9 × 10 13 kg/y. Further, assuming an Fe-H 2 S ratio of ∼12:1 and an iron concentration of ∼50 mmol Fe/kg (28, 29), we estimate the iron flux to the entire Archean ocean to have been ∼4.5 × 10 12 mol Fe/y. For heuristic purposes, we assume the iron was uniformly dispersed in the ocean, and therefore only ∼1% of the flux would have been exposed to UV radiation. Hence, the photooxidative capacity in the photic zone of the Archean ocean would have exceeded the flux of iron by three orders of magnitude. This analysis strongly suggests that virtually all iron in the photic zone was photooxidized during the entire Archean eon.
Since two iron atoms are oxidized for each hydrogen molecule, we can further estimate the global hydrogen production capacity in the early Archean upper ocean to be ∼2 × 10 10 mol H 2 /y, which is comparable to the estimated volcanic production rate of ∼10 11 mol/y (30). Our experimental results suggest that the photooxidation of siderite during the Archean potentially supplied significant amounts of molecular hydrogen in the upper ocean and to the atmosphere. This reaction would have had important consequences during the first half of Earth's history.
Discussion
Proposed Reaction Mechanism. The results of this study clearly establish that siderite can be readily photooxidized by UV light to generate molecular hydrogen and ferri-oxyhydroxides under anoxic conditions in an aqueous phase. From oxygen K-edge spectroscopy and density functional theory (31), the projected density of states based on hybrid function (B3LYP) revealed an energy gap of 4.6 eV (i.e., 270 nm), corresponding to either the energy between Fe(3d) and a C-O antibonding orbital or, alternatively, between O 2-and an Fe 2+ excitation band gap. We propose that the first photon could produce a charge separation via electron excitation from Fe(3d) state to a C-O antibonding orbital, converting Fe(II)-Fe(II) into Fe(I)-Fe(III). This process would be promoted by simultaneous protonation of the surface Fe(I). The second photon would also produce a charge separation, forming highly reactive hydrido-Fe(III), which subsequently reacts with a proton from solution, giving H 2 and second Fe(III). The production of a H 2 molecule accompanies oxidation and hydrolysis of two Fe(III) atoms, resulting in an iron oxyhydroxide mineral phase. The oxyhydroxide spontaneously is transformed to a magnetic assemblage of magnetite and maghemite. The solid-state transformation from the oxyhydroxide phase to magnetite/ maghemite is accompanied by a loss of water molecules and recombination of ferrous iron with ferric iron.
Hydrogen Fueled Early Archean Microbial Community. The photochemically generated flux of hydrogen would have provided a local source of reductant for H 2 -utilizating microbial communities in the photic zone of the Archean ocean. This source of hydrogen would have favored the evolution of anoxygenic phototrophs that used the gas as an electron donor for photosynthesis. Indeed, thin, siderite-bearing, carbonaceous laminations preserved in shallowwater facies of the 3.4 Ga Buck Reef Chert, South Africa, have been interpreted to represent some of the oldest known mats constructed by photosynthetic microbes (32, 33) and hydrogen was the most probable electron donor to this ancient microbial community (34, 35) . Furthermore, a photochemical source of hydrogen would have provided a vast amount of energy for early chemolithotrophs, such as acetogens and methanogens. Ancient prokaryotic lineages of bacteria and archea that harbored the reductive acetyl-CoA pathway (36) , considered one of the earliest bioenergetic metabolisms (37) , would have flourished in the photic zone and may have been key members of the microbial photoautotrophic community in the surface waters of the Archean ocean (34, 35) .
Solar Radiation Cycles Iron in the Upper Archean Ocean. The photooxidation of siderite in the upper ocean potentially alters our conceptual models of the Archean iron cycle (17) . Ubiquitous carbonate minerals, such as diagenetic and ferroan dolomite in the terrestrial and shallow-water settings and siderite in deepwater settings, suggest a carbonate-rich Archean ocean. The paucity of siderite in shallow-water sequences could be the result of low iron flux from deep thermal vents to the upper ocean, but the existence of shallow-water banded-iron formations suggests there must have been a significant source of iron to the upper ocean. With the estimated UV flux through a water column and the corresponding reaction quantum yield, the maximum iron oxidation capacity in the photic zone is ∼10
13 mol Fe/y, which is in excess of the optimistic estimation of the total Archean iron flux of ∼5 × 10 12 mol/y into the total ocean from hydrothermal sources. The calculations imply the top 1% of the Archean ocean (i.e., the "photic zone") has a much greater capacity for iron oxidation compared with the net iron flux from hydrothermal vents. We suggest that siderite in the photic zone of the Archean ocean was destroyed by UV radiation, leaving little trace except for iron oxides.
Photochemical Formation of Iron Oxides. The deposition of iron oxides is a hallmark of sedimentary sequences throughout the Archean and Proterozoic eons (38) . The iron oxides originate at ∼3,760 ± 70 Ma up to the late Precambrian, however the process (es) responsible for their formation remain enigmatic (39) . The primary mineral product of UV photooxidized siderite under anoxic conditions is magnetite, suggesting solar UV radiation may have supplied iron oxides abiologically. Indeed, the deposition of ferric iron is potentially indicative of the UV flux during the Archean.
Photochemical Reactions Alter Planetary Redox State. Hydrogen production from the photooxidation of siderite, and the subsequent escape of the gas from Earth's atmosphere would have altered the oxidation state of the planet (40, 41) . This reaction ultimately was attenuated but may not have been entirely quenched by the photobiological production and accumulation of ozone in Earth's atmosphere following the Great Oxidation Event (GOE) at ∼2.3 Ga. The generation of ozone clearly would have blocked shorter wavelength UV radiation, and quenched the mass-independent fractionation of sulfur isotopes in SO 2 (42) . However, up until that time, the photochemical oxidation of siderite and the loss of hydrogen almost certainly continued unabated. Depending on the ozone concentration, the photochemical oxidation of siderite could have continued for several hundred million years after the GOE, and in the process accelerated the long-term oxidation of Earth's crust and atmosphere.
The photochemistry of siderite and potentially other Earthabundant minerals in shaping the biogeochemistry of Earth is a poorly explored area of experimental geochemistry, which we call "photogeochemistry." Our experimental results strongly suggest that the photochemical oxidation of an abundant mineral potentially generated a significant source of hydrogen in shallow waters of the Archean oceans for several hundred million years, if not longer. The reaction would have continued through the Archean to at least the early phases of the GOE, and provided a mechanism for oxidizing the planet through the abiotic production of hydrogen and its loss of hydrogen to space, while simultaneously providing a key reductant for microbial metabolism. This process may have operated on Mars when it was a wet planet, and should be operating on other terrestrial planets with liquid water in the habitable zone, as long as they do not have gases that greatly attenuate UV photons from their stars.
Methods
Siderite Synthesis. Siderite was synthesized by mixing solutions of FeSO 4 and Na 2 CO 3 under anoxic condition (1% H 2 /N 2 gas mixture) in a glovebox. Sulfate and sodium ions in the siderite precipitate solution were removed by repeated washing with deoxygenated Milli-Q water. The siderite was filter dried under N 2 , transferred to a capillary tube and sealed for analysis with a transmission XRD technique to confirm the product (Fig. S2) . Upon exposure to oxygen, siderite becomes the nonmagnetic mineral, goethite (Fig. S3) .
Optical Setup. All components were installed on a Newport optical bench (Fig.  S4) . A 1,000 W Xe source (Oriel/Newport) was used throughout the experiments. A water filter was installed, and water was circulated to prevent heat transfer from the source, and a collimator was attached at the end of the water filter. Three bandpass filters were used to isolate the UV source with centers at 260, 270, and 280 nm. A fiber optics spectrometer (Ocean Optics USB 4000) was used to characterize the spectral irradiance of the source (from 200 to 800 nm at 0.22 nm resolution) (Fig. S5) .
Siderite Photooxidation and Analysis. A quartz reaction vessel with stressrelief gratings was fused with a serum bottle for the experiment. The final internal volume was ∼75 mL and 3 mL of siderite suspension (∼44 μmol FeCO 3 ), and 22 mL of boiled, anoxic Milli-Q water was transferred to the custom-made quartz reaction vessel in a glovebox. The sealed quartz tube was purged with ultra-high-purity N 2 gas for 10 min to ensure the absence of hydrogen or oxygen inside the tube. The headspace (50 mL) was analyzed by gas chromatography (SRI Instruments) with a thermal conductivity detector (Fig. S6) . To confirm that the gas produced by UV photooxidation was hydrogen, a membrane-inlet quadrupole mass spectrometer was used and the signal for m/z of 2 was recorded.
Ferrioxalate Chemical Actinometry. To measure the number of incident photons, we used a ferrioxalate chemical actinometer (43) . Time (min) Fig. S6 . GC data for light and dark control samples suggest the hydrogen production is driven by light illumination.
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